Secondary organic aerosol (SOA) formation from photooxidation of toluene is studied using a 2 m 3 indoor Teflon film chamber under three different NO x conditions: low (≤3 ppb), intermediate (90-105 ppb) and high (280-315 ppb). SOA experiments are conducted in the presence of either neutral or acidic sulfate seed aerosols under two 5 different humidity levels . NO x concentrations in the chamber air affect not only SOA yields but also SOA growth described by the organic mass (OM) produced as a function of the toluene concentration consumed over the course of a single SOA experiment. The particle acidity effect on toluene SOA formation varies with NO x concentrations. For the low and the intermediate NO x experiments, SOA 10 yields with acidic sulfate seed considerably increase by: 36%-115% at low %RH and 25-44% at high %RH compared to those with neutral seed. No significant particle acidity effect is observed for the high NO x experiments. The humidity effect on SOA formation is also different at the three NO x levels. For the low NO x experiments, SOA yields are 29%-34% lower at high %RH than those at low %RH in the presence of 15 either neutral or acidic sulfate seed. For the intermediate NO x experiments, SOA yields at high %RH increase by 39% in the presence of neutral seed but slightly decrease by 7% in the presence of acidic sulfate seed compared to those at low %RH. For the high NO x experiments with a high NO fraction, no significant humidity effect on SOA yields is found with both neutral and acidic sulfate seeds. 
Introduction
As an important class of atmospheric particulate matter, secondary organic aerosol (SOA) refers to the aerosols formed by various atmospheric oxidation reactions of volatile organic compounds (VOCs) with atmospheric oxidants (e.g. ozone, hydroxyl radical, and nitrate radical). The last three decades of studies through a large number 25 of chamber experiments suggest that the possible SOA formation pathways include self-nucleation, gas-particle partitioning and heterogeneous reactions.
In recent years, studies on contribution of heterogeneous reactions to SOA formation have drawn increasing attention. It is believed that particle phase heterogeneous reactions of atmospheric organics such as carbonyls are important mechanisms for SOA formation (Jang et al., 2002, 5 2006; Johnson et al., 2004) . The products of heterogeneous reactions-oligomeric species have been observed on diverse SOA generated from either biogenic or aromatic precursors (Gao et al., 2004a; Hamilton et al., 2008; Heaton et al., 2007; Iinuma et al., 2004 Iinuma et al., , 2007 Kalberer et al., 2004; Tolocka et al., 2004) . The contribution of heterogeneous reactions to SOA formation is influenced by reactivity of gas phase 10 products from oxidation of organics. lumped major gas phase products of α-pinene ozonolysis into three groups of reactivity (slow, medium and fast) for the estimation of heterogeneous SOA formation. For example, heterogeneous reactions of compounds with fast reactivity, such as oxoaldehydes -the aldehydes that contain at least two C=O groups, can occur without the need of an acidic catalyst but 15 can be accelerated by an acidic catalyst. Heterogeneous reactions of compounds with slow and medium reactivity such as oxo-carboxylic acids will be significant only when an acidic catalyst is present in the particle phase. Therefore, heterogeneous reactions of different types of gas phase oxygenated products will respond differently to particle acidity. In addition to acid-catalyzed chemistry, organic sulfate formation in aerosols 20 appears to be an important pathway for heterogeneous SOA formation in the presence of acidic sulfate seed (Iinuma et al., 2007; Surratt et al., 2007) . The relative importance of the proposed heterogeneous reactions to SOA production depends on the composition of gas phase products from a precursor VOC, NO x concentrations, particle acidity, temperature, and humidity.
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The recent studies (Czoschke and Jang, 2006; Gao et al., 2004b; Iinuma et al., 2004; Kleindienst et al., 2006; Liggio et al., 2007; Northcross and Jang, 2007) on SOA formation from the atmospheric oxidation of biogenic terpene and isoprene have shown that particle acidity considerably influence biogenic SOA formation. Only a few 14469 studies have addressed the influence of acidic sulfates on the aromatic SOA formation and shown the contradictory results. For example, Ng et al. (2007) reported negligible SOA yield difference between acidic and neutral aerosols for aromatic SOA under two different NO x conditions at extremely low humidity (%RH∼5%). However, Cao and Jang (2007) observed that SOA yields were significantly enhanced by the presence 5 of acidic sulfate seed aerosols without NO x at two humidity levels (%RH∼26 and 47), no matter whether the SOA experiments were conducted in the dark or under UVVisible irradiation. Therefore, further research efforts are needed to clarify the effects of particle acidity on aromatic SOA formation. Such studies will be essential for the estimation of aromatic SOA loadings particularly in the acidic atmosphere.
Previous studies on SOA formation from aromatic photooxidation (Hurley et al., 2001; Johnson et al., 2004; Ng et al., 2007; Song et al., 2005) have shown that NO x significantly reduces the aromatic SOA formation, suggesting that NO x influences the fate of gas phase organic peroxide radicals (RO 2 ). Under high NO x conditions, RO 2 radicals react with NO x and produce relatively volatile organic nitrates; while under low 15 NO x conditions, RO 2 radicals react with hydroperoxyl radicals (HO 2 ) forming organic hydroperoxides (ROOH) that may further react with aldehyde species in the particle phase to produce the low volatile peroxyhemiacetals (Johnson et al., 2004) . However, most of these previous studies were conducted under the neutral condition. The effects of particle acidity at varied NO x conditions are poorly understood. NO x levels are ex-20 pected to influence the particle acidity effect on SOA formation because different NO x levels lead to different gas phase products with diverse physical and chemical properties. Hence, more comprehensive SOA studies at different NO x levels coupled with various particle acidities and humidity levels are needed.
Aromatic hydrocarbons constitute about 20-50% (in PPbC) of the total non methane
VOCs in urban atmospheres of the United States and Europe (Calvert et al., 2002) and contribute a significant fraction of anthropogenic SOA loadings in urban area. In this paper, toluene is selected as an aromatic precursor for the study on SOA formation because toluene is the most abundant aromatic VOC in urban atmosphere comprising about 20-40% of the total aromatic compounds (Calvert et al., 2002) and produces high SOA yields compared to other aromatic VOCs (Dechapanya et al., 2003) . The main focus of the present study is to investigate the effect of NO x , particle acidity and humidity on the toluene SOA formation. The SOA yields and the aerosol growth patterns have been studied based on three levels of NO x concentrations (low: ≤3 ppb, 
Experimental section
All experiments were conducted in a 2 m 3 indoor Teflon film chamber under UV-visible light conditions. The detailed description for the chamber experiments has been provided elsewhere (Cao and Jang, 2007 (280-315 ppb) experiments, a known amount of NO and NO 2 was added in the chamber from a certificate NO tank (99.5% nitric oxide, Linde Gas). After the NO x concentrations stabilized, a known volume of toluene was injected and the UV lights were turned on, which marked the The experimental conditions and the resulting SOA data are summarized in Table 1 .
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The SOA yield (Y ) defined as the ratio of the produced secondary organic mass (OM, µg/m 3 ) to the consumed toluene concentration (∆ROG, µg/m 3 ), was calculated with the OM density of 1.4 g/mL (Dommen et al., 2006; Gao et al., 2004a) .
In Table 1 , the particle acidity is described by proton concentrations ( (Table 1) .
Results and discussion
3.1 SOA yields 3.1.1 NO x effect on SOA formation This observation is consistent with the studies of other research groups (Hurley et al., 2001; Johnson et al., 2004; Ng et al., 2007; Song et al., 2005) . Such tendency can be explained by the fact that different NO x levels lead to different reaction pathways of peroxy radicals (RO 2 ), which are produced from the gas phase reactions of toluene with OH radicals in the presence of oxygen. The possible subsequent reactions of RO 2 20 include the self-reaction of RO 2 (channel A in Fig. 2 ); the reaction with HO 2 (channel B in Fig. 2 ) to generate hydroperoxide (ROOH) and carbonyls; the reaction with NO to produce RO radicals and further carbonyls (channel C in Fig. 2) ; and the formation of organic nitrates (channel D in Fig. 2 ). The relative importance of these reactions depends on the concentrations of NO and HO 2 in the system. Channels A and B are 25 14473 the dominant pathways under the low NO x conditions, while channels C and D are significant under the intermediate and high NO x conditions. The higher SOA yield with low NO x concentrations indicates that the ROOH readily produces SOA mass through heterogeneous reactions with carbonyls in the particle phase (Johnson et al., 2004 total NO x is likely to facilitate the generation of compounds with no or very small contribution to SOA formation resulting in the low SOA yields. Figure 3 demonstrates the simplified possible reaction pathways which produce organic nitrates (e.g. peroxybenzoyl nitrate, benzyl nitrate and peroxy acyl nitrates) or nitro compounds (e.g. nitrotoluene) in the presence of high NO x concentrations. Peroxybenzoyl nitrate is formed 15 from reactions between peroxybenzoyl radicals and NO 2 ; Benzyl nitrate is produced from reactions of benzyl peroxy radicals with NO; Nitrotoluene is from OH-aromatic adducts reacting with NO 2 ; and peroxy acyl nitrates (PAN-like products) are likely to be formed at high NO 2 concentrations from the reactions of NO 2 with RC(O)OO radicals which are produced from H-abstraction of aldehydes in the presence of oxygen. Lab-20 oratory studies (Hurley et al., 2001; Jang and Kamens, 2001) of aromatic oxidation at high NO x observed nitro compounds and organic nitrates that are expected to be stable for particle phase heterogeneous reactions and contribute to SOA formation mainly through the gas-particle partitioning. However, organic nitrates (e.g. benzyl nitrate and peroxy acyl nitrates) are volatile and thus the contribution of organic nitrates to SOA formation may be insignificant: e.g. the estimated vapor pressure for benzyl nitrate is 0.00155 atm using the group contribution methods by Schwarzenbach et al. (1993) . Nitro compounds in the gas phase may partition to the preexisting aerosols increasing SOA. But under the high NOx conditions with high NO fraction, the nitro compounds comprise only a small fraction of the gas phase oxygenated products compared to the organic nitrates, therefore SOA formation is greatly suppressed in the beginning of the experiments. It is believed that these channels may be significant in the laboratory studies under the high NO x concentrations. The suppression of SOA formation with high NO x (high NO fraction) in the laboratory chamber may not be observed in the 5 atmosphere. Table 2 summarizes the relative SOA yield increase under different NO x concentrations at a given particle acidity and %RH level. The relative SOA yield increase between the low and the intermediate NO x conditions was the smallest at high %RH in the presence of acidic seed, compared to those under other particle acidity and humid-10 ity levels. The detailed description for NO x effect on SOA incorporated with impacts of acidity and humidity will be discussed in the Sect. 3.1.2.
3.1.2 Acidity and humidity effects on SOA formation Relative SOA yield difference. Both acidity and humidity effects on the SOA yields were examined for each NO x level. Two types of the relative SOA yield difference are 15 defined: the SOA yield difference (∆Y A−NA ) between neutral and acidic sulfate seed experiments at the same humidity level, Eq. (1), and the SOA difference (∆Y HRH−LRH ) between low humidity and high humidity experiments with the same type of the seed aerosols, Eq. (2). The resulting ∆Y A−NA and ∆Y HRH−LRH are summarized in Table 3 along with experimental conditions used for this study.
(for the same type of seed aerosols)
The three major factors which operate the acidity effect and humidity effect on ∆Y A−NA and ∆Y HRH−LRH are particle acidity, water vapor concentration (W V ) and water content 14475 in the particle (W P ) at a given temperature. The impacts of W V and W P on SOA formation depend on the types of gas phase products and thus vary under different NO x conditions as shown in Fig. 2 . The WV effect may be significant only for the low NO x conditions by affecting the HO 2 chemistry in the gas phase (discussed in "low NO x conditions" of this section). The effect of W P on SOA formation is considerable 5 for aldehydes-the major products for the intermediate NO x level (discussed in "intermediate NO x conditions" of this section). W P may also influence the gas-particle partitioning of hydrophilic products. More water content in the particle at high %RH can facilitate partitioning of hydrophilic products resulting in more SOA production. The magnitude of such W P effect varies with the fraction of hydrophilic products of the total 10 oxygenated products which depends upon NO x levels.
Low NO x conditions
Shown in Table 3 , ∆Y A−NA values are 36% at low %RH and 25% at high %RH. At the same %RH level, ∆Y A−NA refers to the additional SOA formation by the presence of acidic sulfate seed through heterogeneous acid-catalyzed reactions or organic sulfate 15 formation. The particle acidity effect described by ∆Y A−NA is 11% higher at low %RH than at high %RH because the proton concentrations in the acidic seed aerosols are higher at low %RH (∆[H + ]=0.11µg/m 3 ).
∆Y HRH−LRH values are −29% with non acidic seed and −34% with acidic sulfate seed as shown in Table 3 . ∆Y HRH−LRH is influenced by W V , particle acidity and W P , 20 corresponding to the reactions in the gas and the particle phase and the partitioning process of oxygenated gas products. Firstly, the formation of peroxyhemiacetals (Fig. 2) in the particle phase reactions between a hydroperoxide (ROOH) and an aldehyde (Johnson et al., 2004 ) may be relatively not sensitive to the particle acidity but to W V in the system. Organic hydroperoxides are produced through the reactions of 25 RO 2 with HO 2 radicals. Kanno et al. (2005) found that the HO 2 self-reactions were considerably enhanced by the presence of water vapor. Therefore, at high %RH, the available amounts of HO 2 radicals for the formation of hydroperoxide decrease, leadingto less SOA formation. Secondarily, heterogeneous reactions of carbonyls (e.g. heterogeneous acid-catalyzed reactions or organic sulfate formation) are responsible for the higher SOA yields in the presence of acidic sulfate seed aerosols compared to those in neutral seed aerosols. SOA yield reduction (∆Y HRH−LRH ) is larger for the SOA with acidic sulfate seed than with neutral seed. This is probably due to the acidity decrease 5 by water dilution of proton concentration in the acidic particle. Thirdly, the partitioning processes may be influenced by W P particularly for hydrophilic products.
Intermediate NO x conditions
The W P effect on ∆Y HRH−LRH is significant in the presence of neutral seed aerosols with the SOA yield 39% higher at high %RH than at low %RH. This is likely due to 10 the reactions of gas phase toluene oxidation products such as aldehydes with particle phase water on the seed aerosols-the mechanisms for SOA formation proposed by Koehler et al. (2004) . Such carbonyls are dominantly produced by Channel C in Fig. 2 under the intermediate NO x conditions. In addition, Hastings et al. (2005) suggested that the surface water layer of solid aerosols can trigger polymerization of glyoxal di-15 hydate monomer to form an organic layer. In the presence of acidic sulfate seed, SOA yields are not apparently changed by %RH (∆Y HRH−LRH =−7%) due to the combination of two opposite effects: increase of SOA yields (↑↑) via heterogeneous reactions of carbonyls triggered by water and decreases of SOA yields (↓) by the reduced particle acidity associated with dilution of proton concentration at higher humidity (Table 3 ).
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The results for ∆Y HRH−LRH suggest that these two effects are equally important under our experimental conditions.
The apparent particle acidity effect (∆Y A−NA ) on SOA formation at intermediate NO x levels is much stronger compared to those under low and high NO x levels. ∆Y A−NA is 115% at low %RH and 44% at high %RH (Table 3) . The high ∆Y A−NA value (115%) 25 at the low %RH is due to not only the particle acidity but also the W P . The non acidic seed aerosols made of ammonium sulfate are solid below the efflorescence point (30-35%RH) (Martin et al., 2003) , while the acidic sulfate seed particles are 14477 aqueous regardless of %RH. Therefore, the difference in W P between neutral and acidic sulfate seeds is significant in the SOA experiments at low %RH. Compared to non acidic aerosols, more W P is available in acidic sulfate seed aerosols, increasing SOA formation via heterogeneous reactions of the gas phase oxygenated products with W P .
5

High NO x conditions
For the SOA experiments at high NO fraction of the high NO x conditions, both ∆Y A−NA and ∆Y HRH−LRH are within the uncertainty range for all particle acidities and humidity levels. This observation is in agreement with the previous studies by Cocker et al. (2001) and Edney et al. (2000) showing no humidity effect on the aromatic SOA for-mation at high NO x levels. The main pathway for SOA formation under the high NO x conditions is likely the gas-particle partitioning of organic nitrates and nitro compounds (see Sect. 3.1.1) that are relatively volatile with the estimated vapor pressure ranging from 10 −3 to 10
atm (Schwarzenbach et al., 1993) and inert for heterogeneous reactions. Therefore, insignificant particle acidity effect on SOA yields is observed in the 15 high NO fraction of the high NO x conditions. NO x conditions change from high NO to low NO fraction as the SOA formation progresses. For the low NO fraction of high NO x experiments, no SOA yield difference (∆Y HRH−LRH =0) is observed with the neutral seed indicating that the W P effect is not significant in this condition. The inorganic seed aerosol is coated with organic matter 20 as the NO fraction converts from high to low conditions. Although heterogeneous reactions of gas phase oxygenated products with W P could be enhanced by the water on the inorganic seed aerosols (Koehler et al., 2004) , W P effect may be reduced when this organic mass is present in the particle phase.
Unlike the observations under the neutral conditions, humidity effect in the presence of acidic aerosols is noticeable for the low NO fraction of the high NO x conditions, leading to lower SOA yields at the high %RH (∆Y HRH−LRH =−19%). The gas phase chemistry for SOA formation in the low NO fraction of the high NO x conditions is similarto that under the intermediate NO x conditions. Channel C in Fig. 2 becomes dominant and produces carbonyls as the major oxidation products. Therefore, the SOA yield reduction by high %RH is likely due to the decrease in heterogeneous reactions of carbonyls by the reduction of particle acidity. The particle acidity effect in the low NO fraction is only found at the low %RH (∆Y A−NA =17%) and is not as strong as that observed in the intermediate NO x conditions. The NO concentrations of the intermediate NO x in the beginning of toluene oxidation are similar to those in the low NO fraction, which occurs at about 90 min after the high NO x experiments begin, but particle acidities are different between these two systems. The aerosol acidity decreases as the acidic seed aerosol is coated with SOA 10 through organic sulfate formation in the aerosol. In our study, the change of aerosol acidity was monitored over the course of the experiments using the colorimetric method integrated with a UV-Visible spectrometer (Jang et al., 2008) (Fig. 4) . Although both the intermediate NO x and the high NO x experiments were initiated at the similar particle acidity, the particle acidity was lower in the low NO region of the high NO x experiments
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(e.g. after 90 min, Fig. 4) than it was at the intermediate NO x experiments, due to the fact that the acidity decayed over the course of the experiments.
Time-dependent growth curve
A time-dependent growth curve, expressed by a plot of the produced OM vs. the concentrations of the organic precursor consumed over the course of an experiment, has 20 been recently used in a few studies Ng et al., 2007) to understand SOA formation mechanisms. Figure 5 illustrates the time-dependent growth curves for our experiments at three different NO x levels. For the low (Fig. 5A ) and the intermediate NO x experiments (Fig. 5B) , the time-dependent growth curves appear to be linear over the course of the experiments. This tendency is also observed in other chamber 25 studies for the aromatic SOA formation under no NO x conditions (Song et al., 2007) and the low NO x conditions . However, the shape of the dynamic SOA yield curve (the figure on the top of each 14479 Fig. 5A , 5B, 5C), presented by plots of yield vs. OM for a single experiment, clearly shows that SOA formation varies with particle acidity particularly in the beginning of the experiments. In the presence of acidic sulfate seed, SOA yields are the highest in the beginning followed by a plateau; while in the presence of neutral seed, SOA yields increase for a short period and reach a plateau. These observations infer that 5 different mechanisms would contribute to SOA formation to different degrees between neutral and acidic sulfate seed aerosols. With the acidic sulfate seed available, heterogeneous acid-catalyzed reactions and organic sulfate formation would be major pathways for SOA formation and occur rapidly in the beginning when the inorganic acid is abundant. The reduction in acidic SOA yields after the maximum SOA yield possibly 10 results from the decrease in the amount of acid available to catalyze the reactions in the SOA through the conversion of acidic sulfates to organic sulfates over time. In addition, as heterogeneous reactions proceed in aerosols, the gas-particle partitioning of oxygenated products that are inert to heterogeneous reactions may become less favorable due to increases in both the average molecular weight of OM and the activity 15 coefficients of SOA products . The high NO x experiments began with high NO concentrations (∼ 222-242 ppb) and changed to low NO concentrations (∼59-91 ppb) due to the conversion of NO to NO 2 over the course of the experiment. Correspondingly, two different SOA formation patterns are observed in the high NO x experiments as illustrated in Fig. 5C . The criterion 20 between high and low NO conditions was set at the point where the instantaneous NO concentration fell into the range of the initial NO concentration of the intermediate NO x experiments. The fact that the two SOA growth patterns were distinguished by the NO criterion indicates that SOA formation is related to the NO concentrations.
The SOA slowly formed in the high NO fraction indicating that the oxygenated prod-25 ucts of toluene irradiation in the presence of abundant NO are either relatively volatile or inert for heterogeneous reactions (also see Sect. 3.1.1). However, when the system turned into the low NO fraction with high concentrations of NO 2 , the aerosol growth pattern changed dramatically, showing a rapid increase of SOA formation. This is likely because large amounts of nitro products existed in the system at high NO 2 concentrations (Fig. 3 ) and the gas-particle partitioning of nitro products act as the dominant pathways for SOA formation.
Chamber experiments under conditions relevant to the atmosphere
To gain insights into the atmospheric implication of the chamber experiments, SOA 5 experiments (shown in Table 4 ) were conducted with low initial toluene concentrations (∼40 ppb) in the presence of small amounts of inorganic seed aerosols (∼10 µg/m 3 ).
The acidic seed solution for the seed aerosols was made of 70% ammonium bisulfate and 30% sulfuric acid. As shown in Table 4 , such weak particle acidity still increases SOA yields by 12.5% compared to neutral SOA under our NO x conditions (initial NO is 10 about 100-115 ppb). This result can be applied to SOA formation under the similar ambient NO x conditions. For example, on a weekday morning near freeways in California (Fujita et al., 2003) , the average 1-h NO x concentrations were about 100-200 ppb.
Conclusions
The present study demonstrates that SOA formation from photooxidation of toluene is 15 influenced by NO x concentrations, particle acidity and humidity using controlled chamber experiments. NO x concentrations affect the types of gas phase products from toluene photooxidation and thus influence the contribution of possible mechanisms to SOA formation as well as the effects of particle acidity and humidity. At low NO x conditions, reactions of the major gas phase oxygenated products-ROOH with carbonyls
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are dominant pathways for SOA formation. Such reactions occur rapidly even in the absence of acidic sulfate seed, thus the particle acidity effect is not as significant as that at intermediate NO x conditions. At low NO x , high %RH decreases SOA yields, because water vapor decreases the availability of HO 2 for the production of ROOH, which reduces the contribution of heterogeneous reactions of ROOH and carbonyls to 25 14481 SOA formation. At intermediate NO x conditions, heterogeneous acid-catalyzed reactions and organic sulfate formation play an important role for SOA formation. Therefore, particle acidity effect on SOA formation is strongest at intermediate NO x compared to those at low and high NO x . Unlike the humidity effect at low NO x , high %RH increases SOA yields at intermediate NO x . This is probably due to heterogeneous reactions of 5 gas phase oxygenated products with particle phase water enhancing SOA formation. At high NO x , the high initial NO and NO 2 concentrations facilitate formation of volatile organic nitrates and nitro compounds that are not reactive for heterogeneous reactions and undergo the gas particle partitioning processes for SOA formation. Hence, insignificant effects of particle acidity and humidity are observed at high NO x .
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The fact that the physical process and chemistry of oxygenated products in the gas and the particle phase for SOA formation depend on NO x concentrations, particle acidity and humidity, emphasizes the need for comprehensive chamber studies under diverse environmental conditions. Such studies will be very useful to mimic the SOA formation under the ambient conditions of a certain area. Our SOA yield studies and 15 time-dependent growth curves provide the insight into the possible gas phase product distributions and corresponding dominant pathways for SOA formation under different conditions. Further studies on characterization of the gas and the particle products are required to identify effects of NO x concentrations, particle acidity and humidity on SOA formation.
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Weingartner, E., Frankevich, V., Zenobi, R., and Baltensperger, U.: Identification of polymers as major components of atmospheric organic aerosols, Science, 303, 1659 -1662 Fig. 3 . The possible reaction channels for gas phase oxygenated products at high NO x level. The numbers in the brackets are the branch ratios of the reaction channels. AR represents the benzene ring. R represents ring-opening structures. Table 1 at low NO x (A), intermediate NO x (B) and high NO x (C).
